Interindividual variation in cytosine modifications could contribute to heterogeneity in disease risks and other complex traits. We assessed the genetic architecture of cytosine modifications at 283 540 CpG sites in lymphoblastoid cell lines (LCLs) derived from independent samples of European and African descent. Our study suggests that cytosine modification variation was primarily controlled in local by single major modification quantitative trait locus (mQTL) and additional minor loci. Local genetic epistasis was detectable for a small proportion of CpG sites, which were enriched by more than 9-fold for CpG sites mapped to population-specific mQTL. Genetically dependent CpG sites whose modification levels negatively (repressive sites) or positively (facilitative sites) correlated with gene expression levels significantly co-localized with transcription factor binding, with the repressive sites predominantly associated with active promoters whereas the facilitative sites rarely at active promoters. Genetically independent repressive or facilitative sites preferentially modulated gene expression variation by influencing local chromatin accessibility, with the facilitative sites primarily antagonizing H3K27me3 and H3K9me3 deposition. In comparison with expression quantitative trait loci (eQTL), mQTL detected from LCLs were enriched in associations for a broader range of disease categories including chronic inflammatory, autoimmune and psychiatric disorders, suggesting that cytosine modification variation, while possesses a degree of cell linage specificity, is more stably inherited over development than gene expression variation. About 11% of unique single-nucleotide polymorphisms reported in the Genome-Wide Association Study Catalog were annotated, 78% as mQTL and 31% as eQTL in LCLs, which covered 37% of the investigated diseases/traits and provided insights to the biological mechanisms.
INTRODUCTION
Interindividual gene expression variation underlies many cellular and organism-level phenotypes; therefore, study of genetic regulation of gene expression enhances our understanding of the genetic basis of disease susceptibility and other complex traits. Previous studies utilizing the International HapMap Project (1,2) lymphoblastoid cell lines (LCLs) derived from apparently healthy individuals of major ethnic groups have demonstrated genetic contribution to gene expression in the form of single-nucleotide polymorphisms (SNPs) (3 -7) , known as expression quantitative trait loci (eQTL). Furthermore, eQTL have been shown to be enriched among SNPs associated with a broad spectrum of complex traits (8) including pharmacologic traits (9) identified from genome-wide association studies (GWAS). Some eQTL are known to affect the binding of transcription factors to regulate gene expression (10) . However, in general, the functional basis and regulatory mechanisms of the identified eQTL and most GWAS loci remain to be fully characterized.
Both genetic and environmental regulation of gene expression can be mediated through epigenetic mechanisms. Genetic effects on cytosine modification were first assessed in human brain tissues to identify cytosine methylation quantitative trait * To whom correspondence should be addressed at: 840 S. Wood Street, CSB 1200 (M/C 856), Chicago, IL 60612, USA. Tel: +1 3124132024; Email: weizhang.chicago@gmail.com loci (11, 12) . Local or cis-acting genetic variants were also found in LCLs that contribute to within-and between-population epigenetic variations (13, 14) and that in turn correlated with gene expression (15, 16) . On the other hand, the relative flexibility of the epigenetic systems in response to environmental and physiological changes, for example exposure to drugs (17) , development (18) and aging (19) , indicates that they play a critical role in regulating gene expression beyond DNA sequence variations, which may be subject to more functional constraints and selective pressure (20) . Epigenetic and genetic dissection of gene expression variation therefore will aid in our understanding of the environmental, developmental and genetic contributions to gene regulation (21) . The DNA methylome is known to maintain genome integrity (22) and X chromosome inactivation (23) . Cytosine methylation in cis silences gene expression and is thought to be a global repressive mechanism (24) . Given the importance of cytosine modifications (primarily CpG methylation) in gene regulation, the cytosine modification quantitative trait loci (mQTL) represent a novel layer of annotations for genetic variants associated with complex traits (25) .
We profiled cytosine modification levels in a panel of LCLs derived from Western African (YRI: Yoruba people from Ibadan, Nigeria) and Northern/Western European (CEU: Caucasian residents from Utah, USA) ancestry using the Illumina Infinium HumanMethylation450 BeadChip (450K array), which covers genome-wide CpG sites with high density (.480 000 CpGs) (26) . The 450K array requires bisulfite conversion of genomic DNA in order to distinguish modified from unmodified cytosines. This technique, however, cannot distinguish between 5-methylcytosine and 5-hydroxymethylcytosine (27, 28) , a recently rediscovered cytosine modification type whose functional consequence is not fully understood (29, 30) . Therefore, we chose to use the term 'cytosine modification' to avoid any potential bias. In this study, we assessed the genetic architecture of cytosine modifications to gain novel biological insights into the genetic basis of human complex traits including disease predispositions, and characterized the epigenetic and genetic contributions to gene expression variation.
RESULTS

Genetic architecture of cytosine modifications
For a given CpG site, variation in both local sequence context and distant factors such as cytosine modification enzymes could affect cytosine modification level. To assess local and distant genetic regulation, we associated cytosine modification levels of 283 540 CpG sites with 2.3 million common SNPs genome wide by single-locus linear models. At 5% false discovery rate (FDR), 10 655 associations were detected for 1190 CpG sites in the CEU samples. The majority of mQTL located nearby their target CpG sites, as shown in Figure 1A , indicating predominantly local genetic regulation. A similar pattern was observed for the YRI samples (Fig. 1B) . No association hotspots, or master regulators that controlled cytosine modification levels at multiple distant CpG sites, were observed. For a small number of mQTL that did associate with more than one CpG site, the mQTL and the target CpG sites were closely positioned, suggesting local regulation of regional CpG modification levels. If we defined mQTL on the same chromosome of the target CpG sites as local and those on different chromosomes as distant, only 11% of the associations detected in the CEU samples were distant. A proportion of these distant associations were likely due to cross-hybridization of CpG probes, despite our attempt to exclude such probes by relatively stringent criteria (31) . For example, several SNPs located .2 kb upstream of nuclear receptor-binding factor 2 pseudogene 3 (NRBF2P3) on chromosome 1 appeared to be associated with the modification levels of CpG site cg15830792 located in nuclear receptorbinding factor 2 (NRBF2) on chromosome 10. Further examinations revealed that this association was due to two artifacts: (i) cross-hybridization of the probe, designed to interrogate cg15830792 within NRBF2, to a homologous sequence within NRBF2P3 and (ii) a SNP with T and C alleles located at the single-base extension site within NRBF2P3, which resulted in assay readouts highly correlating with the genotypes of the SNP and its tagged SNPs. Supplementary Material, Figure S1 illustrates how the two artifacts led to false discovery, suggesting that mismatches at the 5 ′ end of probes are particularly well tolerated for target hybridization and that polymorphisms at single-base extension site may need to be considered in probe quality control procedures.
Association scans of SNPs ,1 Mb away from target CpG sites revealed that mQTL with strong effects were predominantly located within the +100 kb regions (Fig. 1C and D) , on which our final analysis of local genetic regulation was focused. At 5% FDR, 72 526 associations for 5240 CpG sites were identified in the CEU (Supplementary Material, Table S1), and 55 066  associations for 7306 CpG sites in the YRI samples (Supplementary Material, Table S2 ), representing 1.8 and 2.6% of the analyzed CpG sites, respectively (Table 1) . Combining the results from the two populations, which were similar in summary statistics, the association r 2 ranged from 0.23 to 0.97 with a median of 0.35. Less than 13% of mQTL associated with multiple CpG sites, potentially reflecting regional cytosine modifications. CpG sites mapped to mQTL occurred more frequently in gene bodies than in CpG islands (2.0 versus 1.3% in CEU, 2.7 versus 1.6% in YRI; Supplementary Material, Table S3 ). mQTL detected in this study highly overlapped previously published mQTL in the CEU (14) and YRI (13, 14) samples using the Illumina 27K array (.200-fold enrichment, see Supplementary Material, Table S4 ). Among the CpG sites mapped to mQTL, we chose three CpG sites and measured their modification levels using bisulfite sequencing (Supplementary Material, Fig. S2 and Table S5 ): SNP rs7641545 associated with modification levels of CpG site cg01566999 (P ¼ 0.001) located in the gene body of NIPAL2; SNP rs11346248 associated with modification levels of cg11346248 (P ¼ 0.02) located in the promoter region of SLFN12; SNP rs2238542 associated with modification levels of cg03233876 (P ¼ 0.04) located in the gene body of BSG. The mQTL mapping results have been deposited into our integrated SCAN Database (32) (http://www.scandb.org) developed to provide novel annotations for genetic variants.
As LCLs, especially the CEU cell lines, have been in culture for many years, there is a concern about the extent of genomic correlation between LCLs and primary lymphocytes. To address this, we compared the eQTL between LCLs and non-transformed peripheral blood samples (33) . Local eQTL detected in peripheral blood samples were enriched by more than 2-fold with those detected in LCLs (Supplementary
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Material, Table S6 ). Furthermore, we compared the mQTL between LCLs and cerebellum samples from a Caucasian cohort using 27K array (11) . We found .5-fold enrichment of local cerebellum mQTL with those detected in LCLs (Supplementary Material, Table S7 ). These observations demonstrated significant genomic correlations between LCLs and primary cells/tissues, suggesting that LCL is a biologically relevant cell model for human genetic studies.
Local polygenic control and genetic epistasis
Although the recognition motifs of cytosine modification enzymes, for instance, DNA methyltransferases, are simple, structural variations of the target DNA strands may generally modulate the enzyme -substrate interaction (34) . Cytosine modification levels of a CpG site could therefore be affected by several local polymorphisms with distinct combinatory effects. We first assessed additive local polygenic control, assuming that polymorphisms contributed independently to the variation of cytosine modification levels. For each CpG site mapped to mQTL at 5% FDR, we fitted cytosine modification levels on allele dosages of all mQTL detected for the site, and defined the optimal number of mQTL by forward -backward model selection. We found that .30% of CpG sites were associated with multiple mQTL. For these CpG sites, however, the majority of the genetically explained variation was frequently attributed to one single major locus. Figure 1D shows the comparison of the adjusted association r 2 between the most significant mQTL and multiple mQTL for these CpG sites, suggesting that, in general, additive polygenic control could be interpreted as the combinatorial effects of one major mQTL and several minor loci.
Polygenic control can be due to genetic epistasis as well, where polymorphisms at one site modify the effects of polymorphisms at the other sites. We searched for simple two-locus interactions within +100 kb regions of target CpG sites. To be statistically sound, we focused on SNP pairs that were common, with minor allele frequency (MAF) .0.2 and genotype frequency .0.1, and were not in linkage disequilibrium (LD) of each other (r 2 , 0.3). We detected a small number of CpG sites with local genetic interactions (104 in the CEU and 60 in the YRI samples). Figure 1E shows an interacting SNP pair, rs1050816 and rs4674390, in the YRI samples, which explained no variation in cytosine modification levels at CpG site cg00680696 by additive effect, whereas explained 47% of variation when allowing interaction effect. Large epistatic effect, however, was not common (Supplementary Material, Fig. S3 ). Several studies have observed prominent population specificity of mQTL effects between the CEU and YRI samples, and hypothesized that genetic epistasis could be one explanation (14, 16) . To test this hypothesis, we identified 6726 CpG sites mapped to common mQTL and 1216 CpG sites mapped to population-specific mQTL (Supplementary Material, Fig. S4 ; also see Materials and Methods). Compared with CpG sites mapped to common mQTL, CpG sites mapped to populationspecific mQTL were enriched for CpG sites under epistatic regulation in the CEU samples by 9.4-fold (binomial test P , 4 × 10
229
), suggesting that local genetic epistasis may contribute to population specificity of mQTL effects. Supplementary Material, Figure S5 illustrates two possible scenarios including population-specific epistasis and different genetic heterogeneity of the interacting loci.
Genetic and epigenetic dissection of gene expression variation mQTL were more likely to associate with gene expression levels compared with local SNPs within the same regions. As shown in Figure 2A , local SNPs were enriched for eQTL in the CEU samples, due to the predominant contribution of cis-acting polymorphisms to gene expression variation (7), while mQTL were further enriched with eQTL compared with local SNPs. To specifically identify mQTL that were eQTL, we associated mQTL with gene expression levels if the mQTL were ,100 kb away from the gene starts or gene stops. At 5% FDR, we detected associations of mQTL with expression traits of 390 genes in the CEU samples (Supplementary Material, Table S8 ) and 289 genes in the YRI samples (Supplementary Material, Table S9 ), representing 4.5 and 2.7% of the analyzed genes, respectively (Table 1) . We referred to these expression associated mQTL as meQTL (cytosine modification-gene expression quantitative trait loci). CpG sites mapped to meQTL frequently fell in the target genes and the proximal regions, but also located within farther intergenic regions (Fig. 2B ). The proportion of CpG sites that mapped to meQTL was not significantly different between gene bodies and CpG islands (13.0 versus 15.5% in CEU, 7.9 versus 6.5% in YRI; Supplementary Material, Table S3 ). The cytosine modification-gene expression correlation was significant at P , 0.05 for 66% of the identified CpG-gene pairs in the CEU samples, with the direction consistent with that deduced from SNP-cytosine modification and SNP-gene expression associations, indicating that the identified pairs were indeed enriched for genetically driven CpG-gene expression correlations.
Besides genetic variations, developmental and/or environmental perturbations can also induce cytosine modification changes, which in turn modulate gene expression. To identify such genetically independent CpG-gene expression correlations, we first associated expression levels of 16 468 genes with cytosine modification levels of 264K CpG sites that were ,100 kb away from the gene starts or gene stops. At 5% FDR, we detected 1277 CpG sites associated with 614 genes in the CEU samples (Supplementary Material, Table S10), and 1120 CpG sites with 535 genes in the YRI samples (Supplementary Material, Table S11), representing 3.7 and 3.2% of the analyzed genes, respectively (Table 1) . For these CpG-gene pairs, we then evaluated the extent of cytosine modification-gene expression correlation in the absence of genetic variation. We identified the most significant mQTL within +1 Mb regions for each CpG site and subsequently regressed out the mQTL effect from the corresponding cytosine modification levels. The residual cytosine modification levels were further associated with gene expression levels. For 92% of the detected CpG-gene pairs in the CEU samples, the cytosine modificationgene expression correlations remained to be significant (Fig. 2C ). One caveat of this approach is that we did not regress out genetic polymorphisms exhaustedly. However, considering the relatively simple genetic architecture of cytosine modifications, the 92% CpG-gene pairs should be enriched for non-genetic regulation. We will henceforth refer to these CpG sites as genetically independent CpG sites, while refer to the CpG sites mapped to meQTL as genetically dependent CpG sites. Compared with genetically dependent CpG sites, genetically independent CpG sites were highly enriched in the target genes with only a few located in farther intergenic regions (Fig. 2D) . Similar distributions were observed in the YRI samples (Supplementary Material, Fig. S6 ). Figure 3 depicts our flow of analyses to define genetically dependent CpG sites and genetically independent CpG sites.
Genetic and non-genetic gene regulation mediated through cytosine modifications
To explore the potential mechanisms of gene regulation underlying genetically dependent and genetically independent CpG-gene expression correlations, as defined in the previous section, we characterized the co-localization of these CpG sites with transcription factor binding sites and histone modification markers obtained from the Encyclopedia of DNA Elements (ENCODE) data (35) , on the CEU cell line NA12878. For each type of ENCODE peaks (72 canonical transcription factors and four well studied histone markers H3K4me3, H3K36me3, H3K9me3 and H3K27me3), we estimated null distributions of co-localization with CpG sites along positional bins of genes and flanking regions. Counts of CpG sites whose co-localization with the ENCODE peaks exceeded the 95% percentile of the null distributions were displayed in Figure 4 for the CEU samples. Genetically dependent CpG sites were significantly enriched for transcription factor binding sites (Fig. 4A) . However, CpG sites whose modification levels negatively correlated with gene expression levels (repressive sites) predominantly overlapped with H3K4me3 peaks (Fig. 4B , lower panel) that signature active promoters, while CpG sites whose modification levels positively correlated with gene expression levels (facilitative sites) showed few overlaps with H3K4me3 peaks (Fig. 4B , upper panel), even when the threshold was relaxed to 50% percentile of the null distributions (Supplementary Material, Fig. S7 ). Similar to the genetically dependent repressive sites, genetically independent repressive sites were significantly enriched for transcription factor binding sites (Fig. 4C , lower panel) and H3K4me3 peaks (Fig. 4D , lower panel) in the 5 ′ end of genes. In contrast, genetically independent facilitative sites showed little enrichment for transcription factor binding sites (Fig. 4C , upper panel), but significantly overlapped with H3K27me3 peaks in gene boundaries, which mark polycomb repressive complex 2 (PRC2) targeting (Fig. 4D, upper panel) . Interestingly, H3K9me3 peaks that mark heterochromatin and repetitive elements were significantly enriched in genetically independent repressive and facilitative sites, in the 5 ′ end of genes and gene boundaries, respectively (Fig. 4D) . Similar patterns were observed in the YRI samples (Supplementary Material, Fig. S8 ).
We reasoned that as chromatin accessibility to transcription apparatus is a global feature, whereas transcription factor binding is gene-specific, the strength of correlation between absolute cytosine modification levels and absolute gene expression levels across CpG-gene pairs may reflect the underlying regulatory mechanism of the CpG sites. The correlation would be strong if CpG sites modulate the accessibility of chromatin to transcription apparatus, but would be weak if CpG sites affect expression levels by interfering with transcription factor binding. Compared with genetically dependent CpG sites, genetically independent CpG sites showed stronger correlations of absolute cytosine modification levels with absolute gene expression levels across CpG-gene pairs (Spearman's r ¼ 20.24 versus r ¼ 20.06 for repressive sites; r ¼ 0.29 versus r ¼ 0.11 for facilitative sites), suggesting that genetically independent CpG sites were more likely to modulate chromatin accessibility. Such influence on chromatin was highly localized, as only 3% of genetically independent CpG sites correlated (across samples) with expression levels of multiple (≥2) genes, compared with 16% of genetically dependent sites. Notably, none of the genetically independent CpG sites, whereas 25 of the genetic dependent CpG sites, correlated with expressions of multiple genes in opposite directions (test of equal proportions, P ¼ 0.001).
Annotations of GWAS loci by mQTL and eQTL
GWAS to date have generated a large number of disease/trait associations for which biological interpretation is still lacking. Our previous study has demonstrated that GWAS loci were enriched for eQTL (8) (36) . To assess the extent of overrepresentation of mQTL or eQTL in GWAS loci, we obtained 4332 unique SNPs from the National Human Genome Research Institute (NHGRI) GWAS Catalog which had a nominal association P-value , 5 × 10 28 (37). We estimated null distributions of the number of overlaps with GWAS SNPs, by sampling random SNPs based on the number and MAF spectrum of mQTL or eQTL as described previously (8) . As the GWAS have, in general, been carried out in Caucasian samples, we used mQTL or eQTL detected in the CEU samples. As shown in Figure 5 , the number of overlap with GWAS SNPs was significantly greater than the null for both mQTL (P , 0.0001, Fig. 5A ) and eQTL (P , 0.0001, Fig. 5B ), demonstrating that GWAS loci were indeed enriched for functional SNPs associated with cytosine modification and gene expression, two intermediate phenotypes.
We further carried out a systematic annotation of these GWAS SNPs, by associating them with cytosine modification levels and gene expression levels in the CEU samples. Here, only the GWAS SNPs , 100 kb away from CpG sites or gene starts/ stops were considered. At 5% FDR, we detected 361 unique GWAS SNPs, covering 193 (34%) unique diseases/traits, as mQTL associated with cytosine modification levels of 316 CpG sites (Supplementary Material, Table S12 ). In addition, we detected 144 GWAS SNPs, covering 83 (15%) diseases/ traits, as eQTL associated with expression levels of 92 genes (Supplementary Material, Table S13 ). Overall, 11% of the unique GWAS SNPs were annotated, with 78% being mQTL and 31% being eQTL, covering 37% of the investigated diseases/traits. The annotated GWAS loci shed light into the genetic associations. In Table 2 , we present diseases/traits whose GWAS loci were simultaneously mapped to mQTL and eQTL. The annotations frequently narrowed down to one of the candidate genes reported by the original GWAS, but occasionally suggested alternative or additional mechanisms. For example, SNPs associated with progressive supranuclear palsy (38), Parkinson's disease (39) and interstitial lung disease (40) were thought to alter MAPT (microtubule-associated protein tau) function. We found that these SNPs did associate with cytosine modifications at CpG sites within MAPT, but also with expression of the downstream KANSL1 (KAT8 regulatory NSL complex subunit 1) gene, suggesting more complicated mechanisms underlying the disease associations, as pointed out by a previous study (41) .
The GWAS Catalog includes a range of diseases for which pathogenesis stemmed from distinct tissues and cell types, whereas our mQTL and eQTL were detected from LCLs. To Figure 3 . A flowchart of analyses that define genetically dependent and genetically independent CpG-gene expression correlation. mQTL: SNPs whose genotypes associate with cytosine modification levels. meQTL: mQTL whose genotypes associate with gene expression levels. Genetically dependent CpG-gene expression correlation: cytosine modification and gene expression traits that are mapped to meQTL and that themselves are correlated at P , 0.05; the corresponding CpG site was referred to as 'genetically dependent CpG site.' Genetically independent CpG-gene expression correlation: cytosine modification and gene expression traits that are correlated at genome-wide significance, which remains significant after adjusting for genetic variation; the corresponding CpG site was referred to as 'genetically independent CpG site.' Facilitative CpG site: genetically dependent or genetically independent CpG site whose cytosine modification levels positively correlate with gene expression levels. Repressive CpG site: genetically dependent or genetically independent CpG site whose modification levels negatively correlate with gene expression levels.
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examine the cell lineage specificity of mQTL and eQTL in disease determination, we looked at the types of diseases preferentially associated with mQTL or eQTL. We classified GWAS diseases/ traits that have clear etiologies to seven major categories (Fig. 5C) , and estimated the null distributions of the number of random GWAS SNPs (nominal association P-value , 5 × 10
28
) annotated as mQTL or eQTL for each of the disease categories. As shown in Figure 5C , chronic inflammatory diseases and autoimmune disorders were enriched for GWAS loci annotated as mQTL (P ¼ 0.005 and P ¼ 0.002, respectively) as well as loci annotated as eQTL (P , 0.0001 and P ¼ 0.03, respectively). Psychiatric disorders and cancers were relatively enriched for GWAS loci annotated as mQTL (P ¼ 0.09 and P ¼ 0.1, respectively) compared with eQTL (P ¼ 0.8), suggesting both common and specific disease enrichment between mQTL and eQTL (Supplementary Material, Table S14 ).
DISCUSSION
We assessed the genetic architecture of cytosine modifications for .280K autosomal CpG sites in two population samples.
Our observations suggest that variation in local sequence context was the primary determinant of interindividual cytosine modification differences. Such local genetic regulation appeared to be simple, in that the majority of CpG sites were controlled by a single major mQTL, with 30% of CpG sites further modulated by additional mQTL that had relatively small combinatory effects. The impact of local genetic epistasis on withinpopulation variation was also moderate, judged by the effect size of genetic interactions for the small number of detectable CpG sites (Supplementary Material, Fig. S3 ). Our analysis, however, did reveal a .9-fold enrichment of CpG sites mapped to population-specific mQTL for CpG sites under local epistatic regulation, suggesting that local genetic epistasis was an important contributor to the population specificity of mQTL effects observed previously (14, 16) . The paucity of trans regulatory loci and the lack of master regulators found in this study could be interpreted by less complex genetic regulation for cytosine modification variations, but could also be due to a lack of power to detect the trans effects.
Our genetic and epigenetic dissection of gene expression variations revealed several interesting patterns. Genetically dependent CpG sites strongly co-localized with binding sites of canonic transcription factors. However, the repressive sites predominantly overlapped with H3K4me3 peaks at active promoters (42) while the facilitative sites overlapped few of such peaks. As the gene expression levels estimated in our study represented the averages across all exons annotated for the given reference genes, these observations suggest that greater levels of cytosine modification at active promoters suppress overall gene expression but at inactive promoters enhance overall gene expression. Cytosine modifications at transcribing promoters have been experimentally shown to suppress gene expression by disruption of transcription factor binding (43) . We reasoned that cytosine modifications at inactive promoters may suppress incompetent transcriptional initiation, thereby facilitating the overall efficiency of transcriptional elongation. Indeed, a large proportion of the facilitative sites overlapped with H3K36me3 peaks (Supplementary Material, Fig. S7 ) that mark transcriptional elongation (44, 45) . Many genetically dependent CpG sites located in intergenic regions, which is consistent with recent discoveries of intergenic CpG islands that associate with development-specific promoters (46) . Genetically independent CpG sites preferentially modulate gene expression through local chromatin accessibility. We found that the facilitative sites significantly co-localized with repressive H3K27me3 and H3K9me3 peaks around gene ends. Negative correlation between DNA methylation and H3K27me3 was observed genome wide (47, 48) . Profiling of H3K27me3 in DNA hypomethylated somatic cells further suggested that DNA methylome restricted PRC2 targeting (49) . The positive interindividual correlations between gene expressions and cytosine modifications at H3K27me3 peaks are therefore consistent with previous observations. Expanding of repressive H3K27me3 and H3K9me3 blocks is the most prominent changes observed in lineage-committed human cells compared with pluripotent cells (50) , which may explain why 73% of genetically independent CpG sites were facilitative sites. The co-localization of genetically independent repressive sites with H3K9me3 and H3K4me3 peaks may reflect the recruitment or exclusion of cytosine modifications at the already silenced or activated promoters, respectively, marked by the histone modifications (51, 52) .
We found that mQTL and eQTL were relatively enriched in GWAS SNPs associated with chronic inflammatory and autoimmune disorders (Supplementary Material, Table S14), two disease categories related to the functions of lymphocytes from which LCLs were derived. This observation demonstrated the cell linage specificity of cytosine modifications and gene expressions in determining disease outcomes. On the other hand, mQTL were relatively enriched in GWAS SNPs associated with psychiatric disorders and cancers compared with eQTL (Supplementary Material, Table S14 ). Cytosine modifications can be inherited over many cell generations (53) . It is therefore likely that genetically regulated cytosine modifications, together with potential variations induced by mQTL × environment interaction, are more stably maintained over development than gene expression variations. 
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Human 
GNA12 ( Genetic associations based on the 27K array data detected a very small number of mQTL. For example, only 37 CpG sites were mapped to mQTL in the YRI samples (13) and the numbers of CpG sites mapped to mQTL in the CEU and YRI samples in another LCL study were in a similar scale (14) . Besides the 17× coverage difference, another cause for the discrepancy between results obtained from the 27K and 450K array data is the distinct genomic regions covered by the two platforms. The 27K array primarily interrogates promoter CpG sites, whereas the 450K array also interrogates a large number of CpG sites within gene bodies. As indicated by our study, the proportion of CpG sites mapped to mQTL is significantly lower in CpG islands compared with gene bodies. Different functional constrains on cytosine modifications and/or different mQTL detection sensitivity for CpG sites between these regions may contribute to the observation. Relatively comprehensive mQTL lists (including our LCL mQTL lists) will facilitate discovery and across-study comparisons (e.g. the correlation between mQTL and eQTL, and the correlation of mQTL across cell/tissue types).
Mapping of mQTL and eQTL aids in the study of complex traits in two ways. As shown in Table 2 , annotations of known GWAS SNPs by mQTL and eQTL may help identify potential causal genes and often provide novel biological insights. Furthermore, in rare disease mapping with limited sample size, prioritization of SNPs with strong genetic effect and clear functional interpretation such as mQTL and eQTL could effectively reduce the burden of multiple comparisons and improve the power of the study. mQTL detected here have been deposited to the SCAN Database (32) , which has gained .2 million queries from .56 000 unique IP addresses since 2009. We expect that mQTL and eQTL mapping studies using diverse cell types and treatment conditions will greatly expand our understanding of complex traits in general. 
MATERIALS AND METHODS
Cell lines
Cytosine modification data processing and validation
Cytosine modification levels were profiled with the 450K array (Illumina, Inc., San Diego, CA, USA), as described in a previous publication (16) . Briefly, 150 ng DNA after bisulfite conversion was obtained for each sample, randomized by population identity and run on the 450K array plates with the Illumina HiScan System. We excluded CpG probes ambiguously mapped to the human genome (31) and CpG probes containing common SNPs (MAF .0.01) based on dbSNP (54) v135. The final dataset is comprised of 283 540 autosomal CpG sites with good hybridization quality (16) . M-values, defined as the log 2 ratio of the intensities of modified probe versus unmodified probe, were quantile normalized (55) across 133 samples, and adjusted for batch effect (56) . Cytosine modification levels at selected CpG sites were validated by bisulfate sequencing (16) . The 450K array data for three HapMap samples, NA12891, NA12892 and NA19239, highly correlated with the ENCODE (35) 450K array data (r: 0.95-0.99). The raw cytosine modification data have been deposited into the NCBI Gene Expression Omnibus (GEO Accession Number: GSE39672).
Genotype and gene expression data SNP genotypes were downloaded from the International HapMap Project (57) (release 27 July 2009). SNPs that deviated from the Hardy -Weinberg equilibrium (P , 0.0001) within a population were removed. The analytic set was comprised of .2 million common SNPs with MAF . 0.05 that were genotyped in at least 48 samples in each population. Imputed genotypes were only used in multilocus model comparisons. The Affymetrix Human Exon Array 1.0ST was previously used to profile gene expression in the CEU and YRI samples (GEO Accession Number: GSE9703) (6). Probe sequences were Interstitial lung disease rs1981997 cg07368061 (4.9), cg18228076 (7.3), cg24801230 (11) KANSL1 (5.2)
The 2log 10 P was displayed within parentheses for associations. 
Genome-wide and local scan of mQTL
In local scans, the top five principal components (PCs) estimated from M-values across CpG sites were regressed out for the 60 CEU samples, to account for potential confounding variables, whereas the top two PCs were regressed out for the 73 YRI samples. The number of PCs regressed out was selected to achieve the greatest detection sensitivity in each population. Cytosine modification levels were regressed on SNP allele dosages within each population. For local scans, FDR was estimated by 100 permutations. For whole-genome scan, FDR was estimated by three permutations in CEU due to the large amount of computation involved. The numbers of random associations called at a range of P-value thresholds were highly consistent across the three permutations. Furthermore, the number of significant calls at permutation-based FDR of 0.05 was close to the number of calls at Bonferroni-adjusted P ¼ 0.05. We therefore used Bonferroni correction, corresponding to nominal P ¼ 10 213 , for both CEU and YRI samples in wholegenome scan.
Local genetic epistasis
SNPs with MAF . 0.2 and genotype frequency .0.1 within population were selected for analysis. For each CpG site, SNP pairs located within +100 kb of the target cytosine were further selected so that LD between the two SNPs of a pair was constrained at r 2 , 0.3. A linear model: cytosine modification levels SNP1 + SNP2 + SNP1 × SNP2 + error was used to test for epistasis assuming an additive genetic mode. To avoid model collinearity, the correlation between the interaction term and each of the additive terms was constrained at r 2 , 0.7. The significance of the interaction effect was estimated by an F-test that compared the full model with a reduced model without the interaction term. FDR was estimated by 100 permutations using an approximate test (59) .
Common and population-specific mQTL
We pooled the CEU and YRI samples to test for common and population-specific mQTL. To avoid associations driven by one population, SNPs with MAF . 0.2 within each population were selected for analysis. A linear model: cytosine modification levels population identity + SNP dosage + error was used to test for common genotype effect. A linear model: cytosine modification levels population identity + SNP dosage + population identity × SNP dosage + error was used to test for populationspecific genotype effect. The significance of common genotype effect and population-specific genotype effect was estimated by an F-test comparing a full model with a reduced model without SNP dosage term or without population identity × SNP dosage term, respectively. FDR was estimated by 100 permutations with an approximate test (59) .
CpG-gene correlation and local scan of eQTL
We evaluated the within-population correlation between gene expression levels and cytosine modification levels of CpG sites that were ,100 kb away from gene starts and gene stops. FDR was evaluated by 100 permutations. We mapped eQTL in 58 CEU and 59 YRI samples that overlapped with samples used in mQTL mapping. SNPs , 100 kb away from gene starts and gene stops were tested. The top 11 PCs estimated from gene expression levels across genes were regressed out for each population samples. Gene expression levels were regressed on SNP allele dosages within population. FDR was estimated by 100 permutations. To test for correlation between absolute cytosine modification levels and absolute gene expression levels across CpG-gene pairs for genetically dependent and genetically independent CpG sites, mean b values across samples and mean expression levels across samples were used.
Co-localization of CpG sites with the ENCODE peaks
We obtained uniformly processed narrow peaks for transcription factor binding sites and broad peaks for histone markers of cell line NA12878 from the ENCODE project (35) . Peaks for each of the canonical transcription factors and histone modification markers were examined individually. We mapped all analyzed CpG sites to positional bins including 5 kb bins along the upstream 100 kb from transcriptional start site, 5 ′ UTR, 10 percentile-bin along coding region, 3 ′ UTR and 5 kb bins along the downstream 100 kb from transcriptional end site. To estimate null distributions, we randomly sampled 1000 times the same number of CpG-gene pairs as the number of true CpG-gene expression correlations, matching the positional bin distribution, and counted the number of CpG sites co-localized with the peaks for the given marker at each bin. The true numbers of co-localization were then compared with the 95 percentile thresholds of the null distributions.
Enrichment of GWAS SNPs in mQTL and eQTL
The NHGRI GWAS Catalog (37) has collected published GWAS results for complex traits including risks for common diseases. We obtained the NHGRI SNPs (released in November 6, 2013) reported to be associated with complex traits with a P-value of ,5 × 10 28 . To assess the enrichment of GWAS SNPs for mQTL and eQTL, we generated null distributions of the number of SNPs overlapping with GWAS SNPs, by random sampling SNPs 10 000 times according to the number and MAF distribution of mQTL and eQTL, respectively. The number of mQTL or eQTL overlapping with GWAS SNPs was then compared with the null distribution. Due to the Human Molecular Genetics, 2014, Vol. 23, No. 22 5903 relatively small number of GWAS SNPs selected at P-value , 5 × 10
28
, mQTL and eQTL without LD pruning were used in the enrichment analyses present in Figure 5A and B. However, the enrichments observed were not due to LD, as using mQTL and eQTL pruned by r 2 . 0.3 resulted in similar trend: P ¼ 0.0002 for mQTL overlapping and P , 0.0001 for eQTL overlapping. To annotate GWAS SNPs as mQTL or eQTL, GWAS SNPs were associated with cytosine modification levels or gene expression levels in the CEU samples, if they were located within the regions +100 kb of analyzed CpG sites or genes, respectively. FDR was estimated by 100 permutations. To assess the enrichment of mQTL and eQTL in disease categories, we again generated null distributions for each of the disease categories. For a given disease category, we randomly sampled GWAS SNPs 10 000 times according to the number and MAF distribution of the annotated mQTL or eQTL in that disease category. The true number of mQTL or eQTL annotated to the given disease category was then compared with the null distribution.
Bisulfite sequencing validation
Three CpG sites with local mQTL were selected for bisulfite sequencing validation (Supplementary Material, Table S5 ). Bisulfite sequencing at these loci was performed on 10-24 random samples from the original DNA collection used in the 450K array profiling. ZymoTaq polymerase (Zymo Research, Irvine, CA, USA) and primers listed in Supplementary Material, Table S15 were used to amplify 250 bp fragments that included the CpG sites interrogated by the 450K array as well as adjacent CpGs.
